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STRAC  T I 


^Expermental  pressure  -  temperature  ( P-T)  data  are  presented  for  the  polystyrene  - 
toluene  -  carbon  dioxide  system  and  the  polystyrene  -  toluene  -  ethane  system.  The  P-T 
phase  diagrams  for  these  systems  exhibit  characteristics  which  are  similar  to  the  phase 
diagrams  of  simple  binary  solutions.  The  addition  of  supercritical  carbon  dioxide  and 
supercritical  ethane  to  the  polystyrene  -  toluene  solution  shifts  the  lower  critical 
solution  temperature  curve  to  lower  temperatures. 

Polymer  -  organic  solvent  -  supercritical  fluid  additive  phase  behavior  is 
interpreted  in  terms  of  Patterson  s  corresponding  states  model.  Representative 
calculations  using  this  model  are  shown  for  the  poly(ethylene-co- propylene)  -  hexane 
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ABSTRACT 

Experimental  pressure  -  temperature  (P-T)  data  are  presented  for  the 
polystyrene  -  toluene  -  carbon  dioxide  system  and  the  polystyrene  -  toluene  - 
ethane  system.  The  P-T  phase  diagrams  for  these  systems  exhibit 
characteristics  which  are  similar  to  the  phase  diagrams  of  simple  binary 
solutions.  The  addition  of  supercritical  carbon  dioxide  and  supercritical 
ethane  to  the  polystyrene  -  toluene  solution  shifts  the  lower  critical  solution 
temperature  curve  to  lower  temperatures. 

Polymer  -  organic  solvent  -  supercritical  fluid  additive  phase  behavior  is 
interpreted  in  terms  of  Patterson's  corresponding  states  model. 
Representative  calculations  using  this  model  are  shown  for  the 
poly(ethylene-co-propylene)  -  hexane  -  supercritical  ethane  system. 


INTRODUCTION 

Separating  solvent  from  polymer  is  one  of  the  final  processing  stages 
which  occurs  during  a  solution  polymerization  process.  Typically,  the  solvent 
is  steam  stripped  from  the  polymer  solution.  However,  steam  stripping  is  an 
energy  intensive  process  and,  as  such,  is  very  costly.  It  is  therefore 
desirable  to  invesigate  other  separation  techniques. 

Separating  the  solvent  from  a  polymer  solution  is  also  accomplished  by 
forcing  the  single  phase,  miscible  polymer  solution  to  split  into  two 
equilibrium  phases:  a  polymer-rich  phase  and  a  solvent-rich  phase.  It  is  well 
known  that  miscible  polymer-solvent  solutions  exhibit  liquid-liquid 
immiscibility  as  the  solution  temperature  approaches  the  critical 
temperature  of  the  solvent  ( I ).  This  liquid-liquid  immiscibility  occurs  at  the 
lower  critical  solution  temperature  (LCST).  The  LCST  is  a  function  of  the 
chemical  nature  of  the  solvent,  the  polymer  molecular  weight,  and  the 


critical  properties  of  the  solvent.  For  instance,  Bardin  and  Patterson  (2) 
report  an  LC5T  to  solvent  critical  temperature  (Tc)  ratio  as  low  as  0.73  for 

the  polyisobutylene  -  n-pentane  system  and  as  high  as  0.98  for  the 
polyisobutylene  -  cyclooctane  system.  In  general,  a  polymer  with  a  molecular 
weight  on  the  order  of  10,000  exhibits  an  LCST  which  is  20-30  K  lower  than 
the  soivent  Tc  while  a  polymer  with  a,molecular  weight  of  1,000,000  can  have 

an  LCST  nearly  100  K  below  the  solvent  Tg. 

The  phase  behavior  for  several  polymer  -  solvent  systems  are  reported  in 
the  literature.  Freeman  and  Rowlinson  ( 1 )  discuss  the  LCST  behavior  of 
hydrocarbon  polymers  with  short  chain  alkane  solvents  and  their  Isomers. 
Baker,  et  al.  (3,4)  describe  the  LCST  behavior  of  polyisobutylene  -  n-pentane 
and  polyisobutylene  -  isopentane  mixtures.  The  phase  behavior  of  polystyrene 
-  solvent  mixtures  Is  reported  by  Zeman  and  Patterson  (5),  Allen  and  Baker 
(6),  Saekl,  et  a).  (7),  and  Cowle  and  McEwen  (8).  In  each  case,  the  LCST  Is 
measured  at  the  vapor  pressure  of  the  mixture  at  various  concentrations  of 
polymer.  To  realize  the  full  potential  of  this  technique  it  Is  necessary  to 
understand  the  phase  behavior  which  can  be  exhibited  by  polymer  -  solvent 
mixtures  at  high  pressures 

A  schematic  pressure  temperature  (P-T)  diagram  for  a  typical  polymer  - 
solvent  system  is  shown  In  Figure  la.  Cj  is  the  critical  point  of  the  pure 

solvent  and  C2  Is  the  critical  point  of  the  polymer,  which  in  this  case  Is 

probably  fictitious,  since  the  polymer  will  degrade  before  it  exhibits  critical 
phenomena.  The  dashed  lines  are  the  critical  mixture  curves.  The  critical 
mixture  curve  which  starts  at  C2  Intersects  a  liquid  -  llquuid  -  vapor  (LLV) 

region  at  the  LCST  and  the  branch  of  the  critical  mixture  curve  starting  at  Cj 

ends  at  an  upper  critical  end  point  (UCEP).  At  temperatures  below  the  critical 
temperature  of  the  solvent  a  second  LLV  region  appears  which  ends  in  a  UCEP. 
The  upper  critical  solution  temperature  (UCST)  curve,  in  Figure  la,  represents 


the  effect  of  pressure  on  the  transition  from  two  liquid  phases  to  one  liquid 
phase  as  the  system  temperature  is  isobarically  increased.  Baker,  et  al.  (3) 
show  that  the  LLV  curve  of  a  polymer  -  solvent  mixture  is  indistinguishable 
from  the  vapor  pressure  curve  of  the  pure  solvent.  The  section  of  Figure  la 
close  to  the  critical  point  of  the  pure  solvent  is  enlarged  and  shown  in  Figure 
lb  with  this  simplification.  Although  the  intersection  of  the  critical  mixture 
curve  with  the  LLV  curve,  is  by  definition,  the  LCST  for  polymer  -  solvent 
systems,  this  intersection  is  commonly  known  as  the  lower  critical  end  point 
(LCEP)  (ie.,  at  the  LCEP  two  liquids  become  critically  identical  in  the 
presence  of  a  vapor  phase).  The  critical  mixture  curve  in  the  region  of  the 
critical  point  of  the  pure  solvent  is  referred  to  as  the  LCST  curve  since  the 
phase  transition  which  occurs  along  this  curve  exhibits  the  characteristics  of 
a  liquid  -  liquid  to  fluid  transition  rather  than  a  liquid  -  vapor  to  fluid 
transition. 

Although  inducing  a  polymer-solvent  phase  split  offers  certain 
advantages  as  compared  to  steam  stripping,  it  is  necessary  to  heat  the 
polymer  solution  to  temperatures  near  the  solvent  critical  temperature 
which,  for  good  polymer  solvents,  can  be  very  high.  To  avoid  thermally 
degrading  the  polymer  at  these  high  temperatures  inhibitors  are  added  to  the 
solution.  Alternatively,  Irani,  et  al.  (I  I)  show  that  the  LCST  can  be  shifted  to 
moderate  temperatures  by  introducing  a  light,  supercritical  fluid  (SCF) 
additive  to  the  polymer  solution.  The  overall  effect  of  the  SCF  additive  on  the 
phase  behavior  is  to  lower  the  LCST  curve  without  affecting  the  phase 
diagram  as  Illustrated  in  Figure  2. 

Experimental  data  are  presented  in  this  paper  on  the  P-T  behavior  of  the 
polystyrene- toluene-SCF  additive  system  where  ethane  and  carbon  dioxide  are 
used  as  the  SCF  additive.  The  experimental  procedure  for  obtaining  this  data 
is  outlined.  The  corresponding  states  model  of  Patterson  is  used  to  interpret 
the  experimental  data.  Representative  calculations  using  this  model  are 
shown  for  the  poly(ethylene-co-propylene)  -  hexane  -  supercritical  ethane 


system. 


EXPERIMENTAL 

The  experimental  apparatus  and  procedure  used  in  this  study  (see  Figure 
3)  are  described  elsewhere  ( 1 3),  and  therefore,  are  only  briefly  described 
here.  A  measured  amount  of  polymer  solution  is  first  loaded  into  a  high 
pressure,  variable-volume,  equilibrium  view  cell.  The  concentration  of  the 
polymer  in  the  organic  solvent  is  normally  maintained  at  approximately  5  wt% 
to  ensure  that  the  cloud  point  curve  obtained  is  very  close  to  the  actual  LCST 
curve  (9, 12).  A  known  amount  of  SCF  additive  is  then  added  to  the  equilibrium 
cell. 

The  high  pressure,  variable-volume,  equilibrium  view  cell  is  designed  to 
operate  at  35  MPa  and  530  K.  The  cell  contents,  illuminated  by  a  fiber  light 
pipe,  are  viewed  through  a  quartz  window,  which  is  secured  by  a  cell 
end-cap.  The  contents  of  the  cell  are  mixed  with  a  stirring  bar,  activated  by 
a  magnet,  which  is  located  below  the  cell.  The  volume  of  the  cell  is  varied  by 
a  movable  piston,  hence,  the  phase  boundaries  are  visually  obtained  at  a  fixed 
overall  composition. 

MATERIALS 

The  properties  of  the  polystyrene  donated  by  the  Dow  Chemical  Company 
are  listed  in  Table  I.  The  toluene,  reagent  grade,  is  supplied  by  the 
Sargent-Welch  Corp.  The  ethane,  CP  grade  99.598  minimum  purity,  and  the 
carbon  dioxide,  bone-dry  grade  99.8%  minimum  purity,  are  supplied  by  the 
Linde  Company.  These  components  are  used  without  further  purification. 

RESULTS  AND  DISCUSSION 

The  pressure  -  temperature  (P-T)  projection  of  various 
polystyrene-toluene-SCF  transition  curves  are  shown  in  Figures  4  through  7 
for  supercritical  carbon  dioxide  and  ethane.  No  attempt  is  made  to  locate  the 
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Figure  3.  Schematic  diagram  of  the  experimental  apparatus  used  in  this  study. 


ressure-temperature  projection  of  the  polystyrene- 
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Figure  6.  Pressure-temperature  projection  of  the  poly styrene-tol uene-ethane 
system. 


upper  critical  solution  temperature  curve  for  these  systems. 

Shown  In  Figure  4  are  the  experimental  P-T  data  for  the  polystyrene  - 
toluene  -  carbon  dioxide  system  at  34.5  wtX  carbon  dioxide.  The  weight 
percent  of  carbon  dioxide  is  based  on  the  total  weight  of  the  solution. 

Without  any  carbon  dioxide  added  to  the  polystyrene-toluene  solution,  the 
phase  border  curves  depicted  in  this  figure  are  located  approximately  220  K 
higher  in  temperature  (14). 

The  polystyrene-toluene-carbon  dioxide  system  at  37.9  wtX  carbon 
dioxide  is  shown  in  Figure  5.  The  slope  of  the  LCST  curve  in  this  figure  has 
changed  considerably  from  the  34.5  wtX  system.  The  LCEP  is  not  determined 
for  this  system,  although  if  the  LCST  curve  and  the  LLV  curve  are 
extrapolated  to  lower  temperatures,  the  LCEP  is  approximately  45  K  lower 
than  the  LCEP  for  the  34.5  wtX  system. 

Shown  in  Figures  6  and  7  are  the  P-T  curves  for  the  polystyrene  -  toluene 
-  ethane  systems  for  ethane  loadings  of  25.0  wtX  and  29.6  wtX.  For  the  25 
wtX  ethane  system  the  LCEP  is  approximately  347  K.  The  29.6  wtX  ethane 
system,  shown  in  Figure  7,  exhibits  a  critical  mixture  curve  that  is  parallel 
to  the  LLV  line.  In  this  case,  the  LCST  and  the  UCST  curves  have  merged  to 
form  a  single  curve  and,  hence,  the  critical  mixture  curve  never  intersects 
the  LLV  curve. 

It  is  interesting  to  note  that  Figures  4  through  7  all  exhibit  a  region  of 
LLV  immlscibility.  This  immiscibility  behavior  is  in  contrast  to  the  phase 
behavior  exhibited  by  binary  mixtures  of  small  molecules  where  the  LLV 
region  is  a  single  line  in  P-T  space.  The  LLV  regions  in  Figures  4  through  7 
are  a  consequence  of  the  multicomponent  nature  of  the  polymer. 

The  composition  of  the  equilibrium  phases  in  the  liquid  -  liquid  region  of 
the  polystyrene  -  toluene  -  29.6  wtX  ethane  system  at  3 1 1. 1  K  and  9. 1  MPa  is 
presented  in  Table  I.  This  compositional  data  shows  that  the  polymer 
concentration  increases  from  5  wtX  to  15  wtX  in  the  polymer-rich  phase. 
Further  studies  are  in  progress  to  expand  on  this  data  base  and  to  determine 


the  molecular  weight  and  the  molecular  weight  distribution  of  the  polymer  in 
the  equilibrium  phases. 


Table  I.  Composition  Analysis  for  Polystyrene  (PS)-  Toluene  -  Ethane 
(  29.6  wtX  )  System. 

T  -  31 1.1  K 
P-  9.1  MPa 


Light  Phase 

Heavy  Phase 

Component 

wt 

PS 

0.3 

15.8 

Toluene 

73.9 

643 

Ethane 

25.8 

19.9 

PS:  Mw  -  239,000 

Mn  -221,000 

Mw/Mn  -  1-08 


MODELLING 

To  model  the  phase  behavior  obtained  in  this  study  it  is  necessary  to 
obtain  a  value  of  the  Flory  -  Huggins  free  energy  parameter 

XC«  1/2<  1  +r,/2)2  (I) 


where 


V  */V  * 

a  '  VP 


(2) 


the  superscript  *  represents  a  reduction  parameter.  Using  the  model  of 


Mr 

Patterson  and  coworkers  (15)  the  critical  mixture  curve  for  polymer 
solutions  at  low  polymer  concentrations  are  calculated  with 

XC(P,T>  -  c(  -v\n,  *  I  /2Cp  s(Pa,Ts)  (  T  *  PSV,2  1l/(P,V,2  ♦  I  ))2  (3) 

where  subscript  p  represents  the  polymer  and  subscript  s  represents  the 
solvent.  Ps,  Ts,  and  Vs  are  the  reduced  pressure,  temperature,  and  the  volume 

repectively.  The  difference  in  the  free  volumes  of  the  mixture  components  is 
given  by 

t  =  I  -  T3*/Tp*  (4) 

The  v 2  parameter  is  a  measure  of  the  difference  in  the  chemical  nature  of  the 
mixture  components.  In  this  study  v2  is  fit  to  experimental  data.  The 
parametem  ts  defined  as 

P8*/Pp*“1  (5) 

The  parameter  3c  represents  the  number  of  external  degrees  of  freedom  of 
the  solvent  molecule.  This  parameter  is  calculated  using 

c-  PV/RT*  (6) 

Finally  the  parameters  us  and  Cps  are  the  reduced  configurational  internal 

energy  and  the  reduced  configurational  heat  capacity  of  the  solvent, 
respectively.  Using  a  van  der  Waals  type  of  configurational  internal  energy, 

v  -v' 


(7) 


'5 


the  following  expression  is  derived  (16) 

Cp,-’  -(  I  -2/3V8-,/3)-2(  1  -  V8',/3)/(P3V32*l  )  (8) 

and 

V  (psV  V1 )(  1  ’  V,/3)  (9) 

The  reduced  temperature  Ts  is  defined  as 

T8-T/T8*  (10) 


The  critical  mixture  curve  (i.e.,  LCST  curve)  is  calculated  in  the  following 
manner.  First  the  reduction  parameters  are  determined  from  pure  component 
P-V-T  data,  (see  ref.  15),  then  the  parameters  T,  tt,  and  c  are  determined. 

The  parameter  W,  which  affects  the  location  of  the  UC5T  and  the  LCST 
curves.  Is  then  fitted  to  the  LCEP  by  solving  equations  1  through  10  (5).  A  non 
-  zero  value  of  v 2  is  needed  to  predict  both  an  LCST  and  a  UCST  curve  ( 1 7). 
Once  v2  Is  determined,  the  rest  of  the  critical  mixture  curve  is  calculated. 
The  mixing  rules  for  <U*>  and  <T*>  as  described  by  Patterson  and  Delmas  (15) 
are  used  for  the  multicomponent  solvents  investigated  in  this  study.  These 
mixing  rules  are 


<  U*>  -  2j  Xj Uf*  (II) 

where  x^  mole  fraction 

1  /<  T*>  -  2,  Xf/Tf*  (12) 

X,  -  X,  Uj/<  U*>  (13) 


The  mixing  rule  for  <P*>is 


<  P*>  -  1,1,  XiXjP,,* 


(14) 


Ho 

pij* s  <P|*pj#),/2  (,5) 

Based  on  our  results  the  calculated  phase  diagram  is  not  extremely 
sensitive  to  the  form  of  the  mixing  rule  for  <P*>. 

To  test  Patterson  s  model  the  critical  mixture  curves  for  the  previously 
reported  poly(ethylene-co-propylene)  (EP)  -  hexane  -  ethylene  system  are 
determined  (13).  The  EP  -  hexane  -  ethylene  system  is  modelled  since  a  large 
body  of  data  are  available.  Although  the  EP  polymer  has  a  polydispersity  of 
2.2  and  the  hexane  is  actually  an  isomeric  mixture  of  C6’s,  these  mixtures 

exhibit  phase  behavior  which  is  similar  to  that  of  the  previously  described 
polystyrene  -  toluene  -  SCF  mixtures.  For  these  calculations  the  pure 
component  characteristic  parameters  for  supercritical  ethylene  are  fitted  to 
a  function  of  temperature  and  pressure  using  pure  component  data  (i.e.,  the 
isothermal  compressibility  and  the  thermal  expansion  coefficient).  The 
modelling  results  are  shown  in  Figure  8.  In  general  the  calculated  LCST 
curves  are  in  agreement  with  the  experimentally  determined  curves.  Notice, 
however,  for  the  case  of  30.0  wt%  ethylene  it  appears  that  the  LCST  and  UCST 
curves  are  merged.  If  the  LCST  curve  is  extrapolated  to  lower  temperatures, 
the  intersection  of  the  LCST  curve  with  the  extrapolated  LLV  curve  occurs  at 
approximately  150  K.  The  LCST  curve  probably  merges  with  the  UCST  curve 
before  reaching  such  cold  temperatures.  The  model  also  predicts  the  merging 
of  the  UCST  and  the  LCST  curves  although  the  shape  of  the  curve  is  not 
quantitatively  represented. 

As  shown  in  Figure  8  the  fitted  v2  values  are  small  positive  numbers 
except  for  the  case  without  SCF  additive.  This  negative  v2  value  is  physically 
unrealistic  and  is  probably  a  consequence  of  determining  hexane’s  pure 
component  characteristic  parameters  at  a  fixed  temperature  of  25°C.  Also,  in 
these  calcuations  the  polydispersity  of  the  EP  polymer  is  not  incorporated 
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Figure  8.  Comparison  of  the  calculated  and  experimental  LCST 
curves  for  the  pol y ( ethyl ene-co-propyl ene) -hexane- 
ethylene  system. 


I ? 


into  the  model.  As  shown  by  Koningsveld  substantial  errors  in  the 
calculations  can  result  if  the  polydispersity  of  the  polymer  is  not  taken  into 
account  (18).  It  is  encouraging  then  that  the  calculations  that  are  performed 
for  the  EP  -  hexane  -  ethylene  system  are  in  reasonable  agreement  with  the 
data. 

Calculations  for  the  polystyrene  -  toluene  -  SCF  systems  are  in  progress. 
This  system  should  offer  a  less  extreme  test  of  the  theory  since  the 
polystyrene  used  in  this  study  is  fairly  ‘monodisperse*. 

CONCLUSIONS 

Polymer  solutions  can  be  separated  by  an  LCST  phase  split  as  an 
alternative  method  to  steam  stripping.  Adding  an  SCF  additive  to  the  polymer 
solution  shifts  the  LCST  curve  to  lower  temperatures,  decreasing  the  thermal 
energy  costs  of  the  phase  split  and  reducing  the  possibility  of  thermally 
degrading  the  polymer. 

The  phase  behavior  of  polymer  solutions  is  qualitatively  interpreted  in 
terms  of  the  phase  behavior  of  simple  binary  mixtures.  However,  with  a 
binary  system  there  is  a  three-phase  line  while  for  the  polymer  solutions 
there  is  a  three-phase  region.  The  three  phase-region  is  a  consequence  of  the 
multicomponent  nature  of  the  polymer  solution. 

The  phase  behavior  presented  in  this  paper  are  also  interpreted  using  the 
corresponding  states  model  of  Patterson.  Reasonable  results  are  obtained. 
Including  the  prediction  of  the  merging  of  the  LCST  and  UCST  curves.  Better 
predictions  are  expected  when  the  polydispersity  of  the  polymer  is  explicitly 
taken  into  account 
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NOMENCLATURE 

c  Prigogine  parameter;  a  measure  of  the  external  degrees  of  freedom 
Cp  Reduced  heat  capac  i  ty 

L  Liquid  phase  region 

LCEP  Lower  critical  end  point 

LOST  Lower  critical  solution  temperature 

LL  Two  phase  liquid-liquid  region 

LLV  Three  phase  I  iquid-l  iquid-vapor  region 

LV  Two  phase  liquid-vapor  region 

Mn  Number  average  molecular  weight 

Mw  Weight  average  molecular  weight 
P  Reduced  pressure 

r  Parameter  defined  by  equation  2:  a  measure  of  the  polymer-solvent 
size  difference 
R  Universal  gas  constant 
SCF  Super  critical  fluid 
T  Reduced  temperature 
U  Reduced  configurational  internal  energy 
UCEP  Upper  critical  end  point 
UCST  Upper  critical  solution  temperature 
V  Reduced  volume 
x  mole  fraction 
X  energy  fraction 
<  >  averaged  property 

greek  symbols 

n  parameter  defined  by  equation  4  accounts  for  high  hydrostatic 
pressures 

t  parameter  defined  by  equation  3:  accounts  for  free  volume 
difference  between  solvent  and  polymer 
x  Flory  parameter 

v  fitted  parameter  a  measure  of  the  chemical  difference  between 
solvent  and  polymer 


subscripts 

t  component  i 
c  critical 

p  polymer 

s  solvent 

superscripts 

*  reduction  parameter 
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